To explore potential applications of nanocomposites for microelectronic packaging, the thermal properties were investigated on newly developed nanocrystalline Al composites reinforced by AlN nanoparticles. It was found that the thermal conductivity (TC) is reduced with increasing AlN volume fraction (V p ), since connectivity of Al matrix is decreased by introduction of the nanoparticles. Although AlN nanoparticles introduce thermal resistance, they still have significant contribution to the TC of the composite as high-TC inclusion. Particularly, a percolation behavior of AlN nanoparticles is thought to occur with the threshold at 23-30%. Measurements at elevated temperatures ($500 C) show almost no distinct degradation of TC relative to room temperature. Moreover, the coefficient of thermal expansion (CTE) is remarkably lowered as V p increases, e.g., from 26 Â 10 À6 to 13.9 Â 10 À6 K
I. INTRODUCTION
Thermal conduction and thermal expansion behaviors of metal matrix composites (MMCs) are of special importance in terms of microelectronic packaging, brake disks, and heat spreaders. [1] [2] [3] [4] High thermal conductivity (TC) is required to remove heat generated on component parts, and low coefficient of thermal expansion (CTE) is needed to reduce thermal stress and improve dimensional stability. [1] [2] [3] These considerations form the basis for development of aluminum matrix composites that could be applied as packaging materials due to their combined properties of high specific strength, high TC, and tailored CTE matched with microelectronic devices. 4, 5 Thermal properties of conventional coarse-grained MMCs have been extensively studied. The effective TC of MMCs is a function of TC, distribution, dimensions, and volume fraction (V p ) of the constituents and the bonding states between constituents, as well as the ambient temperature at which thermal tests are performed. 1, 3, 6 By considering the interfacial thermal resistance (ITR), Hasselman and Johnson established a theoretical model on the TC of composites based on the effective medium theory. 6 This model is commonly used to predict the thermal conduction of the conventional MMCs. 3, [7] [8] [9] In the past decade, with the progress in synthesis and characterization of nanomaterials, nanophases are incorporated into MMCs to further optimize their mechanical and physical properties. The inclusions vary from nanoparticles, 10-13 nanowires 14 and nanotubes [15] [16] [17] with high TC and low CTE. Incorporation of these nanophases can remarkably enhance the yield stress, Young's modulus, and high temperature resistance of the composites. [10] [11] [12] [13] [14] [15] [16] [17] Up to now, most of the works concerning bulk metal-matrix nanocomposites (MMNCs) usually focus on their mechanical properties correlated with microstructures, but investigation on the thermal properties including thermal conductivity and coefficient of thermal expansion was rarely reported. 14, 18, 19 Recently, Minnich et al. proposed a modified effective medium formulation to predict the TC of nanocomposites. 20 However, experimental measurement on the thermal properties of nanocomposites has not been effectively carried out.
In this study, based on the fabrication and careful characterization of nanocrystalline Al composites reinforced with AlN nanoparticles, the TC and CTE of the composites were measured at room and elevated temperatures. Most attention was paid to the effects of volume fraction of the nanoparticles on the TC and CTE. Discussions were carried out with consideration of the size effects on thermal properties.
II. MATERIALS AND MEASUREMENTS

A. Materials preparation
The fabrication method used was arc-discharge plasma evaporation of pure Al in nitrogen-containing atmosphere, followed by hot pressing, the details of which have been stated elsewhere. 11 To observe the volume fraction effects of the reinforcement on the TC, the composites were fabricated with various AlN percentages of 4%, 8%, 15%, 24%, 30%, and 39%, denoted as 4%AlN/Al, 8%AlN/Al, and so forth. The non-reinforced nanocrystalline Al is denoted as NC Al. The fabrication was conducted in two steps. First, AlN/Al mixed nanoparticles were synthesized by evaporating pure Al ingots (purity, 99.99%) in mixed N 2 /H 2 gas. The phase composition of the mixed nanoparticles was controlled by changing the pressure ratios of N 2 to H 2 from 0 to 1. Then these nanoparticles were hot pressed at 500 C with a pressure of 1 GPa in vacuum of 10 À4 Pa. After hot pressing all composite specimens were annealed at 300 C for 1 h. The phase composition of the in situ synthesized AlN/Al composite nanoparticles were analyzed by xray diffraction (XRD) analysis using Rigaku D/max-2400 with Cu K a radiation (Tokyo, Japan). The grain size was calculated from the x-ray peak broadening after eliminating the instrumental and lattice strain contributions to peak broadening. The oxygen content of the samples was determined by a nitrogen/oxygen determinator (LECO TC-436, St. Joseph, MI). Scanning electron microscopy (SEM, LEO Super-35, Oberkochen, Germany) and transmission electron microscopy (TEM; JEOL-2010, 200 kV, Tokyo, Japan) were applied for the morphology and microstructure determination. TEM dark-field images also were used to determine the grain size by measuring about 300 grains randomly.
B. Thermal property measurements
Samples were machined to disks 9.8 mm in diameter and 2.5 mm in height for thermal diffusivity measurements. The thermal conductivity of materials is given by the following equation 21 :
where K, D, r, and C p correspond to the thermal conductivity, thermal diffusivity, density, and specific heat, respectively. Thermal diffusivity was determined applying a laser flash method 22 from room temperature to 500 C within a vacuum heating furnace. The specimen was heated by a stainless-steel tube electrode. The heating rate is 1-2 K per minute. The temperature is controlled through a rectifier and stabilized for about 20 min at every measuring temperature for thermal diffusivity measurement. The details of measuring process of thermal diffusivity can be found in the work of Wu et al. 23 A high intensity heat pulse radiated by a Nd-glass laser source was absorbed on the front surface of the specimen, and the resulting temperature response at the rear surface was detected by a thermocouple. The thermal diffusivity was determined in terms of the time for the rear surface to reach half of the maximum temperature rise (t 0.5 ) and the specimen thickness (L):
To make a comparison, electrical resistance of the nanocomposites was determined at room temperature on a superconducting quantum intervene device (SQUID) (MPMS XL-7, San Diego, CA) using samples 1 Â 1 Â 10 mm. The CTE measurements of five composite samples with selected volume fraction of AlN were performed on a dilatometer at a heating rate of 5 C/min in an argon flow of 50 mL/min. All specimens have dimensions of 8 mm diameter and 1.5 mm height. The measurements were carried out in the temperature range of C, which approaches the usual working temperature for electronic packaging materials. A Netzsch DIL402 dilatometer (Selb/Bavaria, Germany) was used, equipped with an integrated controller together with computer software for piloting the instrument, data acquisition, and processing.
III. RESULTS AND DISCUSSION
A. Microstructure and measured TC at room temperature
The XRD pattern of AlN/Al nanocomposites ( Fig. 1) shows only the peaks of AlN and Al. The relative densities of all composite samples are higher than 98%. Table I . The mean grain sizes are calculated either by the method of x-ray peak broadening or dark-field TEM images. These grain size values measured using the two approaches are approximately consistent with each other, suggesting the obtained grain size data is reliable. As shown in Table I , grain sizes of Al matrix and AlN particles vary from 59 to 175 nm and 32 to 66 nm, respectively. The increase in AlN volume fraction results in remarkable reduction in Al grain size, but little increase in AlN particle size.
The specific heat of AlN/Al nanocomposites was calculated using the Kopp-Neuman law by adding the specific heats of the constituents in terms of their fractions. Those specific heat values of the constituents were obtained from literature. 24 The specific heat and the measured thermal diffusivity are also exhibited in Table I .
The TC of AlN/Al nanocomposites versus V p is plotted in Fig. 3 . The TC of the AlN/Al composite shows marked decrease with the increase of the volume faction of AlN nanoparticle. The TC reduces from 160 to 50 Wm
by changing V p from 0% to 39%, seemingly regardless of the high TC of AlN (320 Wm À1 K À1 ). 25 Another important feature is found in the figure: the former four data points and the latter three data points seem to linearly decrease but with the different intercepts at the axes. To make comparison with the TC, the electrical conductivity (EC) was precisely measured and is plotted in Fig. 4 , varying with V p . As can be seen, the EC linearly decreases with the increase of the V p . As AlN ceramics are electrically insulating, the particle reinforcement acts as non-conducting inclusions, impeding the effective transport of the conducting electrons. The relationship between the TC and EC of AlN/Al nanocomposites will be discussed in Sec. B.
B. Contribution of AlN to the TC of nanocomposites as thermally conducting inclusions
Generally, incorporation of high-TC reinforcement not only enhances the TC of the composites but also introduces thermal resistance. These two effects always coexist and compete with each other. In particular, when the inclusion particle size is on the nanoscale, the thermal conduction of composites could be reduced and lower than the TC of matrix, sometimes even regardless the high TC of the inclusions. [7] [8] [9] To obtain full understanding of how and to what extent the nanosized high-conducting inclusions contribute to the TC of the nanocomposites, a comparison between the TC and electrical conductance (EC) is made. The TC in solids is composed of two components: electron conduction and phonon conduction. For metals like Al, the phonon conduction is ignorable, while the electron thermal conduction is dominant, like their contribution to the EC. 21 On the other hand, AlN ceramics are electrically insulating and heat is transferred completely by phonon. 21 Klemens and Williams have used the Weidemann-FranzLorenz formula to precisely correlate the electron contribution (or electron conduction) on TC to the EC of metals and alloys. 21 By using Weidemann-Franz-Lorenz formula, we can evaluate the electronic contribution of Al matrix to the TC of AlN/Al nanocomposites. The formula is expressed as
where K, s, L, and T represent the TC, EC, Lorenz ratio (L 0 Â 0.95 = 2.32 Â 10 À8 WO K
À2
), 21 and testing temperature (300 K), respectively. Accordingly, the electron thermal conduction of the nanocomposites was calculated (denoted as K ele ), which is equivalent to the TC of Al matrix composites containing non-thermally conducting particles. The ratio of tested TC (K test ) to K ele as a function of V p is plotted in Fig. 5 . It can be seen that the ratio fluctuates around 1 when the AlN fraction is lower than 23%, while it suddenly increases up to 2 when the AlN fraction is higher than 30%. This volume fraction corresponds well to the abrupt variation in Fig. 3 . This phenomenon suggests that at low volume fractions, the thermal conduction contribution of AlN nanoparticles is ignorable relative to the ITR induced by them. At higher volume fractions, the thermal conduction contribution of the nanoparticles is notable; as a result, the measured TC of nanocomposites is remarkably higher than that of Al matrix containing non-conducting particles. By this comparison, we present a quantitative estimation of the thermal conduction contribution of nano-sized highthermal-conduction phase in MMNCs, which may provide guidance for designing required nanocomposites.
C. Effect of volume fraction on thermal conductivity
For the conventional coarse-grained composites, Hasselman and Johnson 7 have established a model to predict the TC, based on the effective medium approach (EMA). This model was generalized by Nan et al. and used to predict the TC of coarse-grained SiC/Al and micro-grained ZnS p /diamond composites. 3 In the case of nanocomposites, the EMA was modified with consideration of the size effect. 20 However, this model was established based on the hypothesis that the nanoparticles are monodispersed within the matrix. As shown in Fig. 2 , interconnection of AlN nanoparticles is found at some location for 30%AlN/Al, and the interconnection must be more universal at higher volume fraction. It is worth noting that although the metal maintains connectivity above 43%, the AlN particles are interconnected at that volume faction. Therefore, the EMA may not be appropriate for the AlN/Al nanocomposites as those particles with high TC can conduct with each other, rather than be isolated during heat transfer.
Alternatively, the thermal and electrical conduction behaviors can probably be interpreted by using the well-known percolation theory, as in the case of carbonnanotube-based composites. 26 If the effective medium theory of Landauer 27 is applied to the electrical conductivity of MMC containing pure dielectric particles, the conductivity will increase linearly from the percolation threshold volume fraction to the pure metal. Our experimental results from EC present evidence of percolation behavior. By extrapolating the fitting line of the data points of EC to the volume fraction axial, it can be found that at 43% AlN, the EC will be zero, suggesting the effective conducting path in Al matrix is entirely impeded. Similar percolation threshold can be obtained by extrapolating the lower three data points (after percolation) of TC in Fig. 3 . As shown in the figure, the threshold of TC is about 56%, higher than that for the EC. This difference originates from the difference between the electrical and thermal conductance; the former is carried only by electron in Al, but by the latter by both electron and phonon. In any case, it would be reasonable to have a percolation threshold of the AlN between 23% and 30%. Importantly, it is this percolation threshold caused by the interconnection of AlN nanoparticles (Fig. 2) that gives rise to the transition of the contribution of AlN to the TC of bulk nanocomposites, from thermal-conducting obstacles of electronic thermal conduction to effective percolation thermal conduction path.
D. Reasons for the reduction in TC of AlN/Al nanocomposites
The reduction in TC can be attributed to the following several reasons. The primary cause for the decrease of TC is the reduction in the connectivity of Al matrix and, consequently, the electronic conductivity in the nanocomposites (see Fig. 4 ). Although percolation behavior of AlN nanoparticles is found, the electronic conduction should play a more important role in the TC of the nanocomposites, as shown in Fig. 5 and discussed in Sec. III. B, since the Al matrix basically remains connective in the whole volume fraction range. Increase of V p leads to decrease of the connectivity of Al matrix, so that causes remarkable reduction of TC of the nanocomposites.
Some other secondary factors also reduce the TC of AlN/Al nanocomposites. Generally, polycrystalline metals exhibit conductivity lower than that of their single-crystal counterparts due to intensive scattering of the electrons by grain boundaries, pores, and other defects. 28 In particular, when the grain size decreases to nanoscale, grain boundary volume notably increases, and the scattering of the conducting electrons is enhanced. The TC is related to the electron mean free path (MFP) l and conducting electron density n by the following expression 29 :
where k, T, m, and V F correspond to Boltzmann constant, temperature, mass of electrons, and Fermi velocity, respectively. The grain boundaries reduce the TC by decreasing either the mean free path or the effective electron density along the MFP. 29 The MFP of Al is 15 nm, so it could not be decreased in Al nanocrystals. The latter could be predominant for the present NC Al matrix since n shows exponential decrease with the grain size. 29 Secondly, the particle size of AlN in the present nanocomposites is smaller than its phonon MFP (about 70 nm 24 ). As a result, the real MFP of AlN is reduced as the characteristic length (here is particle diameter) of the nanoparticles decreases. 20, 25 Accordingly, the effective TC of AlN nanoparticles should be lower than the bulk TC of AlN. Thirdly, the interfacial thermal resistance should exist in AlN/Al nanocomposites and may influence the TC of the composites. Reduction in the particle size of AlN can result in significant increase in interface volume fraction, which accordingly causes increment of the thermal resistance. In addition, a small quantity of low-conduction oxide (observed about 3% at the oxygen content) exists and acts as conducting obstacle, reducing the TC of bulk composites. According to the simple estimation of the contribution of non-conducting inclusions, as proposed by Hasselman et al., 7 the oxide in AlN/Al nanocomposites leads to a reduction of the TC by only 7%. Other factors, such as the second-phaseinduced structural disordering in Al matrix, may also lead to little reduction in the TC of the nanocomposites.
E. Effect of temperature on thermal conductivity
The TC of some selected samples was measured at temperatures up to 500 C. The TC values of NC-Al, 4% AlN/Al, 23% AlN/Al, and 39% AlN/Al nanocomposites as a function of temperature are shown in Fig. 6(a) . The TC of the NC-Al exhibits nearly linear increase in the whole measured temperature range. Notably, unlike the SiC/Al composites, 7, 8 almost no distinct decrement of TC is found in AlN/Al nanocomposites at the elevated temperatures relative to that at room temperature, when V p is below 23%, while the TC of 39%AlN/Al at 500 C decreases to 70% of that at room temperature. Figure 6 (b) shows the ratios of the TC at elevated temperature to that at room temperature (denoted as K elev /K room ) versus the measuring temperature. The TC of the three nanocomposite specimens undergoes a similar tendency, increasing to a peak value and then decreasing when the measuring temperature is raised further. With increasing V p , the peak value shifts toward the low-temperature direction.
The thermal conduction of composites at high temperatures is complex, since there are many influencing factors. For instance, from a structural point of view, high-level microstrains could exist in the vicinity of grain boundaries and interfaces in nanocrystalline materials. 30 At elevated temperatures, relaxation of these microstrains can lower thermal diffusion scattering and improve the thermal conductivity. On the other hand, the intrinsic TC of AlN ceramics shows intensive negative temperature dependence above room temperature. 25 Furthermore, the ITR is observed to decrease below some critical temperature, above which the thermal resistance no longer exhibits dependence on the temperature. 9 Thus, it is impossible to exclusively attribute the temperature dependence of the thermal conduction of nanocomposites to any one of the factors. Nevertheless, it is obvious that the volume fraction of AlN nanoparticles is the most important parameter that significantly influences the hightemperature TC of the nanocomposites. This fact still is correlated to the percolation behavior of AlN nanoparticles. As the contribution of AlN to the TC of the nanocomposites becomes more outstanding at volume fractions higher than the percolation threshold, degradation of intrinsic TC of AlN at high temperatures can lead to more prompt reduction in the TC of the nanocomposites. C. The thermal expansion is remarkably reduced by the nano-sized AlN particles. The linear expansion rate of 39%AlN/Al composite is half as much as that of non-reinforced Al. The CTE of the composites, yielded by dividing the linear expansion rate by the temperature difference, is illustrated in Fig. 7(b) as a function of V p . The thermal expansion of the composites is remarkably decreased by the AlN nanoparticles, and the CTE of 39% AlN/Al is 13.9 Â 10 À6 K
À1
, about half that of nanocrystalline Al. The CTE of the present nanocomposites was predicted using three frequently adopted models, as shown in Fig. 7(b) , including the rule of mixtures (ROM), Turner's model, 31 and Kerner's model, 31 Fig. 7(b) . The CTEs of the nanocomposites in this study are coincident with Turner's model in the low volume fraction range and between Turner's and Kerner's models in the high volume fraction range. In contrast, the CTEs of AlN/Al composites reported by Zhang et al. 33 and Lai et al. 35 basically agree with Kerner's model, except the CTE reported by Couturier et al. 34 is slightly lower. It is of interest that the inclusion particle size of the above three composites and the present nanocomposites are 4 mm, 3.7 mm, 1.5 mm, and 60 nm, respectively, which seems to suggest an underlying rule: smaller particle sizes result in lower CTEs of AlN/Al composites, given the same volume fraction. The lower CTEs of the present nanocomposites probably originate from the residual internal stresses and high strain gradient in the matrix, which usually increase with decreasing inclusion size. 36 
IV. CONCLUSIONS
The fabrication and careful characterization of AlN/Al nanocomposites served as the basis for investigation of thermal conductivity, electrical conductance, and the coefficient of thermal expansion at various temperatures. Some meaningful results are summarized here.
TC is reduced with increasing of the V p , and it degrades from 160 to 50 Wm À1 K À1 when the volume fraction of AIN is changed from 0 to 39%. The thermal conduction contribution of AlN nanoparticles is quantitatively estimated. The TC of the nanocomposites with less than 23% AlN approaches that of Al matrix containing non-conducting inclusions, while for the 30% and 39% AlN/Al, the TC is 2 times that of Al containing non-conducting inclusions. Considering the variation of TC and EC, percolation of the high-TC nanoparticles is thought to occur with the threshold at 23-30%. Reduction in TC is mainly attributed to reduction of the connectivity of Al matrix caused by the interconnection of AlN nanoparticles.
With increasing measuring temperatures, the TC rises to a peak value in the beginning and than decreases, and the peak value shifts toward the lower temperature direction with increasing V p . However, degradation of the thermal conduction at elevated temperatures is not noticeable.
The CTE of AlN/Al nanocomposites is effectively decreased by the nanoparticles; e.g., it is lowered to 13.9 Â 10 À6 from 26 Â 10 À6 K À1 by increasing the volume faction up to 39%. 
